Silicon nitride (SiN) films were deposited by a pulsed plasma enhanced chemical vapor deposition system in a SiH 4 -NH 3 chemistry. Surface morphology of SiN films at room temperature is first reported. Scanning electron microscope and atomic force microscopy were used for characterization. Radio frequency source power was varied from 200-800 W with an increment of 200 W. For each power, duty cycle was controlled as 40, 50, 70, 90%. Particularly, surface roughness was detailed in terms of a distribution of maximum pixel size or major pixel density, and a nonuniformity of pixel density. A consistent decrease in surface roughness with reducing duty cycle was observed in the ranges of 40-70% and 40-90% at 200 and 600 W, respectively. In contrast, surface roughness increased with reducing duty cycle at 800 W. Meanwhile, both maximum pixel size and distribution of major pixel density were highly correlated to surface roughness as a function of duty cycle at all powers. These two metrics are expected to effectively characterize the degree of surface densification as well as to support surface roughness variations.
INTRODUCTION
Apart from a good dielectric property, silicon nitride (SiN) films are widely used in fabricating electronic devices since they are thermally stable and chemically inert. Due to these attractive features, SiN films are actively employed as a gate dielectric (or an encapsulation layer and a passvation (or antireflective) layer in manufacturing integrated circuits and solar cells, respectively. A plasma enhanced chemical vapor deposition (PECVD) system has been widely used to deposit SiN films in a SiH 4 -NH 3 , [1] [2] SiH 4 -N 2 , [3] [4] SiH 4 -N 2 -NH 3 (Ref. [5] ) plasmas. Recently, pulsed power systems were employed in depositing SiN films. 4 6-7 This is mainly attributed to the fact that they are capable of reducing particle size in gas phase, 6 producing higher deposition rate, and reducing substrate heating. 7 Depending on a duty cycle, a significant variation in SiN film properties was reported. 4 6-7 Surface morphology of SiN films was investigated as a duty cycle in a SiH 4 -N 2 * Author to whom correspondence should be addressed. plasma. 4 Unfortunately, little studies were conducted on the relationships between rf source powers and duty cycle from the standpoint of surface morphology.
In this study, SiN films were deposited by a pulsed-PECVD. This study is focused on examining the effect of rf source powers as a function of duty cycle. Surface morphology measured by atomic force microscopy (AFM) was analyzed in detail in terms of typical surface roughness, maximum pixel size, nonuniformity of pixel density, and distribution of major pixel density. A scanning electron microscope (SEM) was also utilized.
EXPERIMENTAL DETAILS
SiN films were deposited by using a PECVD system (PLASMART ™ ). A unique double stack antenna produces a plasma density of more than 5 × 10 11 /cm 3 in Ar plasma as well as a plasma nonuniformormity of less than ±5%. The experimental range of rf source power operating at 13.56 MHz was 0-1000 W. The experimental range of pulsing frequency was 50-500 Hz. Chamber vacuum was controlled by a turbo molecular pump, rotary pump, and a vacuum gauge. Gas flow rates were precisely controlled through mass flow controllers and the process pressure, measured by three process, vacuum check, and venting check gauges, was controlled by a throttle valve. SiN films were deposited on p type, single side polished Si wafers of (100) orientation. Thickness and resistivity of wafers were about 525 ± 25 m and 1∼30 ·cm, respectively. In this study, the pulsing frequency was fixed at 250 Hz. The duty cycle was varied from 40 to 90%. For the duty cycles less than 40%, plasmas were not created. The source power was varied from 200 to 800 W by 200 W. The deposition was conduced in a SiH 4 -NH 3 chemistry. The flow rates of SiH 4 and NH 3 gases were set to 8 and 22 sccm, respectively. The deposition time was 5 min. The surface morphology was measured by using SEM and AFM. For detailed analysis of surface roughness, several metrics were introduced. As an example, Figure 1 shows a distribution of pixel size and pixel density for the AFM image obtained at 600 W source power and 90% duty cycle. Information obtainable from Figure 1 may include a distribution of maximum pixel size, major pixel density, or 
RESULTS AND DISCUSSION
A SEM image is shown in Figure 2 . The image was obtained from the deposition at 400 W. As shown in Figure 2 , the surface of deposited film seems to be very clean and smooth. This was also observed at other plasma conditions. Figure 3 shows the effect of duty cycle on the surface roughness measured by AFM. It should be noted that one experiment corresponding to 400 W and 50% was not presented since many defects were observed on the surface. As shown in Figure 3 , reducing the duty cycle from 90 to 70% at 600 or 800 W significantly decreases the surface roughness. The reduced surface roughness at shorter duty cycle was reported in SiH 4 -N 2 plasma at less than about 50%. 4 This can be attributed not only to the formation of reduced particle in the gas phase at shorter duty cycle, 6 but to the enhanced plasma density. 8 Noticeably, a high correlation between the surface roughness and duty cycle is observed over wider ranges of 40-70% and 40-90% at 200 and 600 W, respectively. The AFM images corresponding to the duty cycles at 600 W are shown in Figure 4 . As shown in Figure 4 , the initial columnar structure gradually changes to non-columnar, smoother one. This clearly indicates that shorter duty cycle yields smoother surface roughness. In contrast, the surface roughness seems to increase with reducing the duty cycle in the range 40-70% at 800 W. Consequently, smaller surface roughness was achieved at shorter duty cycles in most duty cycle variations. Figure 5 shows the distribution of maximum pixel size as a function of source power or duty cycle. As shown in Figure 5 , the maximum pixel sizes at 40% are shorter than those at 90% for all powers. Compared to Figures 3 and 5 revels that the variations of maximum pixel size with the source power coincide with those for the surface roughness. Therefore, the degree of surface densification is highly correlated to the surface roughness variation. To interpret surface densification in more detail, major pixel density was directly calculated. Here, the major pixel density is just a sum of densities at certain pixel sizes. The ranges of pixel sizes corresponding to major densities are summarized in Table I . As shown in Table I , the occupancy of major pixel densities was different depending on the powers. Interestingly, the variations in the maximum pixel size and the range of pixel size for major pixel density shown in Figure 5 and Table I respectively are very similar as a function of power or duty cycle at a fixed power. This indicates that both these two features can serve as measures that determine the degree of surface densification.
Lastly, a nouniformity of pixel density was calculated. This was calculated as
where, D Max and D Min indicate the maximum and minimum densities, respectively. The remaining D Avg is the average of all pixel densities of all sizes. This formula is frequently utilized in calculating a nonuniformity of plasma or film characteristics. 9 The calculated nonuniformity is shown in Figure 6 . As shown in Figure 6 , the nonuniformtiy variation with the duty cycle is quite complex depending on powers. Decreasing the duty cycle at 800 W appears to increase the nonunifomrity. A similar variation is observed in the duty cycles ranging between 50 and 90% at 200 W. In contrast, decreasing the duty cycle at 400 W generally decreases the nonuniformity and this is also observed in the range 40-70% at 600 W. Interestingly, the nonuniformity at 40% are larger than those at 90% for all powers but 400 W. This may be attributed to the enhanced plasma density at shorter duty cycle.
CONCLUSION
In this study, surface morphology of silicon nitride films was investigated by using SEM and AFM. SEM image revealed a dense, smoother surface roughness. The surface roughness was more detailed by three measures of maximum pixel size, distribution of major pixel density, and nonuniformity of pixel density. In general, smoother surface roughness was achieved at shorter duty cycles.
Although not observed consistently with the duty cycle variation, the nonunformties at 40% were higher than those at 90%. This implies that adopting a shorter duty cycle inclines to degrade the uniformity of major pixel density. Particularly, the defined two measures of maximum pixel size and distribution of pixel density showed a high correlation with surface roughness. Apart from the degree of surface densification, these two measures can therefore be used to validate surface roughness variation.
